Tumor progression requires the dispersion of epithelial cells from neoplastic clusters and cell invasion of adjacent stromal connective tissue. Aiming at demonstrating the precise relationships between cell dispersion and cell invasion, related respectively to expression of E-cadherin/catenin complex and matrix metalloproteinases (MMPs), we developed an original in vitro model of cell dispersion analysis. Our study reports the validation of this model that allowed us to analyze and quantify the cell cohesion level by means of timelapse videomicroscopy and computer analysis based on the observation of spatial and temporal cell distribution. Our model was able to distinguish 2 groups among different human bronchial and mammary epithelial cells previously characterized for the expression of E-cadherin/catenin complex and MMPs and their invasive capacity in the Boyden chamber assay. The first group (16HBE14o ؊ , MCF-7, T47D) that expressed membranous E-cadherin and ␤-catenin, and was negative for MMP-2 expression and non-invasive, displayed a highly cohesive pattern corresponding to a cluster spatial distribution 
Metastatic progression is a multistep process involving basement membrane disruption, tumor cell dispersion from the primary tumor cluster, stromal connective tissue invasion by tumor cells, neoangiogenesis, intravasation and extravasation and finally colonization of a target organ. The cell dispersion step largely depends on the reorganization of intercellular adhesion molecules, especially the epithelial adherens junction E-cadherin/catenin complex. This complex is composed of E-cadherin that mediates homotypic calcium-dependent cell-cell adhesion, ␣-catenin that is linked to the actin cytoskeleton and ␤-catenin that links E-cadherin to ␣-catenin. [1] [2] [3] This adhesive complex maintains the integrity of epithelia and is thus considered a powerful tumor suppressor. 4 Indeed, many studies have described a correlation between tumor cell aggressiveness and the dysfunction of the complex, either by mutational, transcriptional or post-translational alterations of one of these molecules, in vitro in tumor cell lines [3] [4] [5] [6] [7] [8] and in vivo in different types of cancers. 9 -11 The stromal invasion step has been shown to involve the expression of proteolytic enzymes, particularly matrix metalloproteinases (MMPs) that are able to degrade almost all the extracellular matrix components. The MMP family consists of several subclasses that include the collagenases, the gelatinases, the stromelysins, the MT-MMPs (membrane type-matrix metalloproteinases) and an heterogeneous group including matrilysin. [12] [13] [14] The MMP-2 gelatinase and its activator MT1-MMP have been shown to be especially involved in tumor invasion in vitro [15] [16] [17] and in vivo. 13,18 -20 MMPs are usually considered to play a major role in vivo in late stages of tumor progression and in metastasis, but growing evidence suggests that MMPs could be also involved in early stages of the invasion process. 21, 22 Understanding the relationship between cell dispersion and cell invasion represents one part of the important challenge of elucidating mechanisms contributing to the acquisition of an invasive phenotype. At the present time, it is difficult to correlate these cellular and molecular modifications leading to invasion with a precise cell behavior because no model is able to concomitantly analyze cell cohesion and the individual ability of each cell to disperse and to be invasive. In the present study, we have therefore developed an original in vitro model of cell dispersion analysis.
This model allowed us to analyze and quantify the cell cohesion level by means of time-lapse videomicroscopy and computer analysis based on the observation of spatiotemporal cell distribution.
We showed that our model was able to distinguish 2 groups among different human bronchial and mammary epithelial cell lines characterized for the expression of E-cadherin/catenin complex and MMPs and for their invasive capacity in the Boyden chamber assay. We demonstrated in our study that the spatial group behavior of cell lines, i.e., their cohesion/dispersion ability reflects their invasive properties and that our model of cell dispersion analysis may thus represent a new test to measure tumor cell aggressiveness.
MATERIAL AND METHODS

Cell culture
Human bronchial epithelial cell lines 16HBE14o Ϫ were provided by Dr. D. Gruenert (University of California, San Francisco, CA), and Beas2B, BZR and BZR-T33 by Dr. C.C. Harris (National Institute of Health, Bethesda, MD). Human mammary epithelial cell lines MCF-7, T47D, MDA-MB-231, MDA-MB-435, BT549 and HS578T were obtained from ATCC. The E-cadherin-negative MDA-MB-231 cell line was stably transfected by a standard calcium-phosphate method. At 24 hr after seeding, cells grown to subconfluence in a 75-cm 2 flask were cotransfected with 30 g of pBATEM2 plasmid, encoding mouse E-cadherin cDNA, 23 and 3 g of pPHT plasmid, a derivative of pPNT 24 that confers resistance to hygromycin. E-cadherin-expressing MDA-MB-231 transfectants, designated MDA2BE, were selected in 150 U hygromycin-B/ml (Ducheva Biochemie, Haarlem, The Netherlands). Eighteen clones were isolated with cloning cylinders and subsequently maintained in the absence of hygromycin. Screening for stable clones was performed by immunofluorescence using DECMA-I antibody (Sigma, St. Louis, MO) against mouse Ecadherin. To obtain homogeneous E-cadherin expression, transfectants with partial E-cadherin-positivity were subcloned. This yielded the MDA2BE5.36 cell line, expressing mouse E-cadherin in a stable homogeneous way.
All cell lines were grown at 37°C and 5% CO 2 in Dulbecco modified Eagle's medium (DMEM) supplemented with penicillin, streptomycin and 10% FCS. All chemicals and culture media were purchased from Sigma and Life Technologies (Paisley, Scotland).
Immunofluorescence
Cells that were grown on 4-well chamber slides (Lab-Tek, Nunc, Naperville, IL), were fixed in cold methanol and rehydrated in PBS. Nonspecific binding was blocked with 3% BSA in PBS for 30 min. Slides were then successively incubated with a monoclonal antibody against E-cadherin (10 g/ml) (HECD-1, R&D Systems, Abingdon, UK) or ␤-catenin (5 g/ml) (clone 14, Transduction Laboratories, Lexington, UK) for 1 hr, a biotinylated sheep anti-mouse antibody (Amersham, Aylesbury, UK) for 1 hr, and streptavidin-FITC (Amersham) for 30 min. Slides were briefly counterstained with Mayer's hematoxylin and mounted with Citifluor antifading solution (UKC Chemistry Lab, Canterbury, UK) before examination with a Zeiss Axiophot microscope.
RT-PCR analyses
Total RNA was extracted from subconfluent cells cultivated in serum-free condition for 24 hr. RNA extraction was performed with RNA miniprep kits as recommended by the manufacturer (Qiagen GmbH, Hilden, Germany). RT-PCR was performed with 10 ng of total RNA by using the GeneAmp Thermostable RNA PCR Kit (Perkin-Elmer, Foster City, CA) and 3 pairs of oligonucleotides (Eurogentec, Seraing, Belgium). Forward and reverse primers for human MMP-2, MT1-MMP and 28S were designed as follow: MMP-2 primers [forward 5Ј-GGCTGGTCAGTGGCTT-GGGGTA-3Ј, reverse 5Ј-AGATCTTC TTCTTCAAGGACCG-GTT-3Ј], MT1-MMP primers [forward 5Ј-CCATTGGGCATCCA GAAGAGAGC-3Ј, reverse 5Ј-GGATACCCAATGCCCATTG-GCCA-3Ј] and 28 S primers [forward 5Ј-GTTCACCCACTAAT-AGGGAACGTGA-3Ј, reverse 5Ј-GGATTCTGACTT AGAG-GCGT TCAGT-3Ј]. Reverse transcription was performed at 70°C for 15 min followed by 2 min incubation at 95°C for denaturation of RNA-DNA heteroduplexes. PCR amplification cycles consist of 94°C for 15 sec, 68°C for 20 sec and 72°C for 10 sec (30 cycles for MMP-2, MT1-MMP and 17 cycles for 28S). PCR was terminated by 2 min at 72°C. RT-PCR products were separated by acrylamide gel electrophoresis, stained with Gelstar (FMC, Bioproducts, Rockland, ME). The expected sizes of the RT-PCR products of MMP-2, MT1-MMP and 28S are 225 bp, 221 bp and 212 bp, respectively.
Gelatin zymography analysis
Cells were seeded at a density of 2 ϫ 10 5 cells/ml into 35-mm dishes. Subconfluent cultures were rapidly washed twice with PBS, and then incubated for 2 hr in serum-free medium. The culture medium was then replaced by fresh serum-free DMEM. Supernatants were collected after 24 hr incubation, centrifuged and separated on a 10% polyacrylamide SDS gel containing 0.1% (w/v) gelatin. The gel was washed for 1 hr at room temperature in a 2% (v/v) Triton X-100 solution, transferred to a 50 mM TrisHCl/10 mM CaCl 2 , pH 7.6 buffer and incubated overnight at 37°C. The gel was stained for 30 min in a 0.1% (w/v) Coomassie blue (G250)/45% (v/v) methanol/10% (v/v) acetic acid solution and destained in 10% (v/v) acetic acid/20% (v/v) methanol.
Boyden chamber invasion assay
The in vitro invasiveness of the different cell lines was assessed by using a modified Boyden chamber assay. Cells (10 5 ) were suspended in 800 l of defined medium supplemented with 0.2% BSA and placed in the upper compartment of the chamber (Nucleopore, Pleasanton, CA). The lower compartment of the chamber was filled with 200 l of defined medium supplemented with 10% FCS and 2% BSA. The two compartments were separated by a porous filter (8 m pore, Nucleopore) coated with matrigel (50 g/filter). The matrigel was obtained from the Engelbrecht-Holm-Swarm (EHS) tumor as described by Kleinman et al. 25 The chambers were incubated for 5 hr at 37°C. The filters were then fixed in methanol for 10 min and stained with hematoxylin for 2 min. The cells on the upper surface of the filters were wiped away with a cotton swab. Quantitation of the invasion assay was performed by counting the number of cells at the lower surface of the filters (30 fields at 400-fold magnification).
In vitro cell dispersion model
Time-lapse videomicroscopy. At 2 hr after seeding at a density of 2 ϫ 10 5 cells/ml into 35-mm dishes, cultures were placed in the environmental chamber (37°C, 5% CO 2 ) of a Zeiss IM35 inverted microscope (Zeiss, Oberkochen, Germany) equipped with a Panasonic WVCD51 camera (Osaka, Japan) controlled by a Sparc 2 Sun workstation (Sun Microsystems, Mountain View, CA) equipped with a parallax video board (Parallax Graphics, Santa Clara, CA). A phase-contrast image, observed at a 10-fold magnification to obtain at least 100 cells per field, was recorded every 15 min during 60 hr. A mouse monoclonal E-cadherin blocking antibody (SHE78-7 clone, Zymed, San Francisco, CA, USA) was added to the culture medium of 16HBE14o-cells at a 1 g/ml final concentration.
Cellular sociology software. The spatial distribution of cells was characterized and quantified using an algorithmic program of cellular sociology based on the use of three previously described geometrical models, namely Voronoi's partition, Delaunay's graph and minimum spanning tree (MST). 26 -28 Results of these three methods, constructed from the set of points locating the position of the cell nuclei, give some useful information about the disorder and the neighborhood relationships of cells. From each of these methods, it is possible to deduce two parameters, namely AD (area disorder) and RFH (roundness factor homogeneity) for Voronoi's partition, m (average length) and (standard deviation) for both Delaunay's graph and the MST. The simple reading of the coordinates in the (AD, RFH)-or (m, )-plane makes it possible to determine the type of spatial distribution of the cell population, provided the graph space is properly calibrated. Three independent experiments were done for each cell line and the data were represented as mean Ϯ SEM.
Computer simulations. We developed mathematical models to mimic the cell population organization. Because we observed experimentally at sub-confluence that some cell lines displayed a cluster distribution and others did not, and that, when cells became confluent, they did not display a characteristic distribution, we chose models of cluster distribution, random distribution (hard core model) or regular distribution. From these models, we deduced the different parameters (AD and RFH for Voronoi's partition, m and for both Delaunay's graph and MST) that are characteristic of a type of spatial distribution and which represent the reference values for the experimental study of our cell lines. The theoretical values of the parameters describing the Voronoi's partition, the Delaunay's graph and the MST are computed for small cells (Յ5 pixels), the distribution of which is assimilated to a point distribution. For cells of large size (15-20 pixels), the actual parameters may diverge significantly from these theoretical values. Thus, instead of using the theoretical values, the real values for the different types of spatial distribution (random, regular, cluster) were obtained from simulations, taking into account the size of cells, i.e., the inhibition parameter in a hard core model. The mean values of the different parameters are reported in Table  I for small sized cells. For Voronoi's partition, the increase of AD parallel with the decrease of RFH characterize the shift from a regular distribution toward random and cluster distributions. For Delaunay's graph and MST, this shift is characterized by the decrease of m and the increase of . Similar tables (not shown) were computed for large sized cells, such as MCF-7 and Beas2B cell lines. For computer simulations of the dynamic behavior of cell populations, we used the computer technique of cell automatons.
RESULTS
Human bronchial and mammary cell lines characterization
We characterized the different human cell lines for their expression of adhesion molecules and MMPs, and also for their invasive capacity.
E-cadherin and ␤-catenin expression patterns, which were analyzed by immunofluorescence, correlated well with the cell morphology. Indeed, 16HBE14o
Ϫ , T47D and MCF-7 cells displayed an epithelial phenotype and expressed E-cadherin (Fig. 1a) and ␤-catenin (Fig. 1c) along the cell membrane. Beas2B, BZR, BZR-T33, MDA-MB-231, MDA-MB-435, BT549 and HS578T cell lines, which displayed an elongated fibroblastoid shape, did not express E-cadherin (Fig. 1b) . Moreover ␤-catenin was detected as a diffuse cytoplasmic staining in the latter cells (Fig. 1d) .
All cell lines were studied for their MMP-2 and MT1-MMP mRNA expression by RT-PCR. Whereas MCF-7 and T47D did not express MT1-MMP mRNA, all other cell lines were shown to express MT1-MMP. Positivities for MMP-2 mRNA were only detected in Beas2B, BZR BZR-T33, MDA-MB-435, BT549 and HS578T cell lines. In contrast, 16HBE14o
Ϫ , MCF-7, T47D and MDA-MB-231 were negative (Fig. 2) .
To investigate the degradative potential of the different cell lines, we also analyzed the MMP secretion, especially gelatinases, i.e., MMP-2 and MMP-9, in their conditioned media by the technique of gelatin zymography. No detectable gelatinase was secreted in the conditioned media of 16HBE14o Ϫ , MCF-7, T47D or MDA-MB-231 cells. In contrast, Beas2B, BZR, BZR-T33, MDA-MB-435, BT549 and HS578T cells were shown to produce large amounts of the latent form of MMP-2 (72 kDa) (Fig. 3) .
Finally, to determine their in vitro invasive capacity, we tested our cell lines for their ability to migrate through matrigel coated filters in a modified Boyden chamber assay. Considering the number of invading cells, 16HBE14o
Ϫ , MCF-7 and T47D (3 Ϯ 2, 6 Ϯ 5 and 1 Ϯ 2, respectively) were considered as noninvasive cell lines as compared with MDA-MB-231, Beas2B, BZR, BZR-T33, MDA-MB-435, BT549 and HS578T (284 Ϯ 49, 655 Ϯ 34, 885 Ϯ 44, 879 Ϯ 107, 767 Ϯ 39, 802 Ϯ 27 and 915 Ϯ 69, respectively) that were moderately or highly invasive (Fig. 4) .
Human bronchial and mammary epithelial cell lines analysis in the cell dispersion model
The cell dispersion model allowed us to observe by videomicroscopy the changes of collective behavior of the different cell lines as the cultures progress (Fig. 5) . The simple observation of the Voronoi's partition, the Delaunay's graph and the MST constructed from these recorded images and the comparison of the parameters calculated from these three geometrical methods suggested some dramatic and significant differences of interactions between cells for each cell line. At the beginning of the culture, all cells (16HBE14o Ϫ , MCF-7, T47D, Beas2B, BZR, BZR-T33, MDA-MB-231, MDA-MB-435, BT549 and HS578T) displayed the same pattern, i.e., quite homogeneous graphs of Voronoi, Delaunay and MST and similar values of parameters (data not shown). We rapidly observed (after about 6 hr of culture) discrepancies between the 10 cell lines. We observed the progressive appearance of differences of homogeneity of Voronoi area and Delaunay and MST segment lengths. Figure 6 illustrates these differences of behavior by comparing the pattern of Voronoi's partition, Delaunay's graph and MST obtained after 24 hr of culture of 3 characteristic cell lines, 16HBE14o
Ϫ (a, b and c, respectively), MDA-MB-231 (d, e and f, respectively) and BZR (g, h and i, respectively). For 16HBE14o Ϫ , as well as for MCF-7 and T47D cells, the Voronoi's partition displayed a high heterogeneity of area, i.e., the presence of numerous small areas next to large areas (AD ϭ 0.55Ϯ0.01; RFH ϭ 0.76 Ϯ 0.01) (Fig. 6a) . In the same way, numerous short segments characterized the Delaunay's graph (m ϭ 1 Ϯ 0.02; ϭ 0.99 Ϯ 0.01) (Fig. 6b ) and the MST (m ϭ 0.52 Ϯ 0.01; ϭ 0.46 Ϯ 0.01) of these cells (Fig. 6c) . All 3 methods suggested that 16HBE14o (Fig. 6d) and more short segments of Delaunay (m ϭ 1.11 Ϯ 0.01; ϭ 0.66 Ϯ 0.01) (Fig. 6e) and MST (m ϭ 0.64 Ϯ 0.01; ϭ 0.34 Ϯ 0.01) (Fig. 6f) , corresponding to less dispersed cells. At the end of culture, when cells became confluent, all graphs tended to a pseudoregular pattern (data not shown).
The comparison of experimental parameter values calculated from the 3 geometrical methods with the reference simulation values allowed us to quantify the spatiotemporal differences of cell group behavior. We could thus assess a precise type of spatial distribution for each cell line and establish their classification. During the first hours of culture, all cell lines, 16HBE14o
Ϫ , MCF-7, T47D, Beas2B, BZR, BZR-T33, MDA-MB-231, MDA-MB-435, BT549 and HS578T, displayed a random distribution. We could rapidly distinguish behavior differences between 16HBE14o Ϫ , T47D and MCF-7 cells, however, which acquired progressively a cluster distribution, and Beas2B, BZR, BZR-T33, MDA-MB-435, BT549 and HS578T cells, which maintained a random distribution. By comparison, MDA-MB-231 cells evolved toward a moderately random distribution. Figure 7 represents both mean values of simulation parameters and the evolvement of the (Fig.  7a) , we observed that for 16HBE14o Ϫ cells, as well as for MCF-7 and T47D cell lines AD increased and RFH decreased progressively toward values corresponding to a cluster distribution, whereas for BZR cells, as well as for Beas2B, BZR-T33, MDA-MB-435, BT549 and HS578T cells, AD and RFH were maintained to values of a fully random distribution, or evolved to values of a moderately random distribution for MDA-MB-231 cells. Delaunay's method provided the same type of results (Fig. 7b) . Whereas BZR, as well as Beas2B, BZR-T33, MDA-MB-435, BT549 and HS578T cell cultures, retained a fully random distribution, and MDA-MB-231 cells acquired a moderately random distribution, we observed a decrease of m and an increase of for 16HBE14o Ϫ , as well as for MCF-7 and T47D cells, corresponding to a cluster distribution. In the same way, for MST (Fig. 7c) , m and still corresponded to a fully random distribution for BZR cells, as well as for Beas2B, BZR-T33, MDA-MB-435, BT549 and HS578T cells, or evolved toward a moderately random distribution for MDA-MB-231 cells. By contrast, for 16HBE14o Ϫ , as well as for MCF-7 and T47D cells, the values of m and decreased and increased, respectively, toward values corresponding to a cluster distribution. The statistical comparison by Student's t-test of parameter values at 24 hr of culture confirmed that the differences of spatial distribution between each cell group (cluster group vs. fully random group; cluster group vs. moderately random group and moderately random group vs. fully random group) or the similarities of spatial distribution between each cell line among the same group were significant, i.e., p Ͻ 0.05 and p Ͼ 0.05, respectively. When cells became confluent, all cell lines tended to display a pseudoregular distribution (data not shown).
To complete our study, we also performed experiments to test the effect of E-cadherin expression modulation on the cell spatial distribution. We showed that the addition of a E-cadherin blocking antibody to 16HBE14o Ϫ cohesive cells rendered them more randomly dispersed. Conversely, the comparison of spatial distribution of noncohesive MDA-MB-231 cells and E-cadherin-cDNA transfected MDA-MB-231 cells (MDA2BE5.36) showed that the re-expression of E-cadherin shifts the spatial distribution toward a cluster one. Figure 8 shows the differences of spatial distribution, confirmed by the three methods Voronoi's partition (a), Delaunay's graph (b) and MST (c), between 16HBE14o Ϫ cohesive cells with or without incubation with the E-cadherin blocking antibody, and also between MDA-MB-231 and MDA2BE5.36 cells, i.e., before and after E-cadherin cDNA transfection, after 24 hr of culture.
DISCUSSION
In an attempt to study the links between cell dispersion and cell invasion, respectively related to the E-cadherin/catenin complex and MMP expression, we developed an original in vitro model of cell dispersion. Here we report the validation of this model that allowed the analysis and the quantification of the spatial collective behavior of different bronchial and mammary epithelial cell lines. Our quantification approach is based on the use of graphical geometrical methods. All three sets of parameters were consistent and produced similar results. These three methods have been shown to be very useful as an aid to the classification of lung neuroendocrine tumors, 29 and malignant mesothelioma, 30 to improve the grading of intra-cervical neoplasia, 31 to analyze the effect of bacterial infection on human cells, 32 and to study the topology of proliferating cells in tissue sections of breast cancers 33 or the distribution of estrogen receptor in a mammary cell line. 34 Our model presents the advantage of allowing the dynamic study of the spatiotemporal behavior of living cells. Indeed, this original model is able to study concomitantly the cohesion level of cells and their individual ability to disperse and to be invasive, and can yield comparable and reproducible parameters of in vitro cell behavior.
Using this model, we were able to distinguish two groups among 10 cell lines: a group of very cohesive cells with a cluster spatial distribution and a group of noncohesive very dispersed cells with a random spatial distribution. This classification parallels well the previous phenotypic characterization of cell lines because cluster spatial distribution was observed for cells (16HBE14o Ϫ , MCF-7 and T47D) that expressed membranous E-cadherin and ␤-catenin, whereas random spatial distribution characterized cells (Beas2B, BZR, BZR-T33, MDA-MB-231, MDA-MB-435, BT549 and HS578T) that did not express E-cadherin and displayed a cytoplasmic ␤-catenin localization. Moreover, by modulating the Ecadherin expression, we were able to modify the cell spatial distribution. Downregulating E-cadherin in 16HBE14o
Ϫ cohesive cells by a blocking antibody resulted in a more random distribution. Conversely, the re-expression of E-cadherin in non cohesive MDA-MB-231 cells resulted in a shift of their spatial distribution toward a cluster distribution. Therefore, these data suggest that the presence of E-cadherin in cells is correlated to a particular spatial distribution. Accordingly, we and others have demonstrated that E-cadherin downregulation can act as a molecular switch that facilitates the acquisition of metastatic properties by tumor cells. [35] [36] [37] [38] [39] Clinical studies have also reported a strong correlation between alteration of E-cadherin expression and a poorer differentiation grade or tumor aggressiveness. 9,10,40 -42 In addition, our model allowed to discriminate between moderately invasive Ecadherin-negative cells that did not express MMP-2 and highly Ϫ ; MDA 231, MDA-MB-231; AD, area disorder; RFH, roundness factor homogeneity; m, average length; , standard deviation. FIGURE 8 -Effect of E-cadherin expression modulation on cell spatial distribution after 24 hr of culture. Some experiments were performed to study the effect of E-cadherin expression modulation on cell spatial distribution. The E-cadherin downregulation of 16HBE14o Ϫ cohesive cells by the addition of a E-cadherin blocking antibody resulted in a more random spatial distribution. Alternatively, the spatial distribution evolved toward a cluster distribution after re-expression of E-cadherin in noncohesive MDA-MB-231 cells transfected with E-cadherin cDNA, as shown by the three methods Voronoi's partition (a), Delaunay's graph (b) and MST (c). 16HBE, 16HBE14o Ϫ ; 16HBE ϩ EC Ab, 16HBE14o
Ϫ ϩ E-cadherin blocking antibody; MDA 231, MDA-MB-231; MDA2BE5, MDA2BE5.36; AD, area disorder; RFH, roundness factor homogeneity; m, average length; , standard deviation; E-cad, E-cadherin.
invasive E-cadherin-negative cells that co-expressed MT1-MMP and MMP-2, i.e., between a moderately and a fully metastatic phenotype. Indeed, MDA-MB-231 cells were shown to be less randomly dispersed than Beas2B, BZR, BZR-T33, MDA-MB-435, BT549 or HS578T cells that displayed a totally random spatial distribution. The co-expression of MMP-2 with its activator MT1-MMP is largely involved in tumor progression, especially in breast and lung cancers. 20, 43 Taken together, these data strengthen the role of the loss of the E-cadherin epithelial marker, coupled with the ␤-catenin cytoplasmic redistribution, and also of the co-expression of MMP-2 with MT1-MMP in acquisition of a fully metastatic phenotype.
In conclusion, we demonstrated, by using this new cell dispersion model, that the spatial group behavior of cell lines, i.e., their cohesion/dispersion ability reflects their invasive properties. Indeed, current models (Boyden chamber invasion assay, chick heart invasion assay) explore the invasive process but they do not reflect the cell cohesion process. By contrast, our present model provides information on these 2 parameters. It is able to precisely measure the behavior of tumor cells by providing calibrated and reproducible results and thus, it may represent a new test to predict the aggressiveness of cultured tumor cells obtained from patients with cancers during bronchoscopy or surgical resection. Moreover, it presents the possibility to study dynamically the group behavior of a cell population and, simultaneously, to follow up individual cells. As such, this model offers new ways to elucidate mechanisms underlying the acquisition of an invasive phenotype.
